Summary. First phase insulin release was measured in response to intravenous glucose given weekly from approximately day 40 in 6 BB rats which subsequently developed diabetes and in age-matched non-diabetic (n =15) and normal Wistar rats (n = 8) until day 180. The mean sequential insulin responses in BB rats with and without diabetes were significantly lower (p =0.008 and <0.0001, respectively) than in normal rats from an early age. Five diabetic BB rats showed a progressive decline in first phase insulin release immediately prior to glycosuria, with the impaired phases ranging from 25-50 days. However, protracted periods of low first phase responses were also seen in several aglycosuric BB rats, which showed histological evidence of insulitis and B-cell loss. Our findings demonstrate that, although most BB rats with diabetes show a progressive impairment of B-cell function preceding the disease, this aberrant phase can also be present in BB rats which remain aglycosuric. Impaired first phase insulin release in response to serial intravenous glucose tolerance tests may not be a reliable predictor of Type 1 (insulin-dependent) diabetes in this animal model.
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The onset of Type I (insulin-dependent) diabetes mellitus in the BB rat is usually abrupt at some stage between 40 and 180 days of age [1, 2] . Both cell-mediated and humoral immunity have been implicated in the etiology of diabetes in this animal model [3-91. Recently autoantibodies directed against a normal rat islet antigen have been shown to precede the onset of the disease in almost all susceptible animals [7] . However, tests which are convenient and predictive of spontaneous diabetes in the BB rat have yet to be developed. Serial pancreatic biopsies from these animals examined longitudinally suggest that mononuclear cell infiltrations of the islets can precede the onset of overt diabetes by at least 2-3 weeks [10] . To what extent these inflamatory processes affect B-cell number or function during the prediabetic phase is unclear. Recent studies in the human suggest that subjects who are at risk of developing Type 1 diabetes may show a progressive loss of first phase insulin release in response to intravenous (IV) glucose well before clinical diagnosis [11, 12] .
The present study was undertaken in the BB rat to determine if a progressive impairment of B-cell function could be demonstrated prior to clinical onset of Type 1 diabetes. We assessed B-cell function by measuring first phase insulin release in response to weekly intravenous glucose tolerance tests (IVGTT) in BB rats from about day 40 until the detection of glycosuria and in age-matched non-diabetic BB and normal Wistar rats until day 180.
Materials and methods
The experimental animals studied were diabetes-prone BB rats (25-40% diabetes incidence) which were derived from the original BioBreeding colony, Ottawa, Ontario, Canada and normal Wistar rats.
Serial IVGTTs were carried out weekly in non-diabetic BB and normal Wistar rats from day40 to day180 and in diabetic BB rats from day 40 until the onset of Type i diabetes (persistent glycosuria: 3-4+). After an overnight fast, a 50% solution of glucose (1 g/kg body weight) was injected into the tail vein over 15-20 s under light halothane anaesthesia. Blood was sampled from the orbital sinus at 1 and 3 rain after injection and sera stored at -20 °(2 until analysis.
In order to establish the normal dynamics of insulin release in vivo, 5 normal Wistar rats were fasted overnight and challenged with IV glucose according to the above protocol and blood was sampled from the orbital sinus at 1, 3, 5, 10, 15, 20 and 30 rain after injection.
Immunoreactive insulin (IRI) was measured in serum by a single antibody polyethylene glycol separation method (in routine use in this laboratory) using human insulin standard (Wellcome, Beckenham, UK), guinea pig anti-human insulin serum (Wellcome) and ~2SI-porcine insulin tracer. In this assay rat insulin (Novo, Bagsvaerd, Denmark) was 1.5 times more immunopotent than the human insulin standard.
Serum glucose was determined by a commercially available glucose oxidase method (Peridoehrom, Boehringer, Mannheim, FRG).
Normal Wistar and BB rats without diabetes were killed at day 180, while diabetic BB rats were killed soon after detection of glycosuria. All pancreata were removed immediately and fixed in Bouin's fluid and prepared for histology (haematoxylin and eosin (H and E) and aldehyde thionine stains). Sections were also stained simultaneously for insulin and glucagon by a previously described im- munofluorescence procedure with minor modifications [13] . A mixture of guinea pig anti-insulin and rabbit anti-glucagon sera (1 : 80 dilution) was added to the sections and incubated. The immunofluorescence was observed after applying a solution of sheep anti-guinea pig gamma globulin-fluorescein isothiocyanate (Wellcome, Beckenham, UK) and swine anti-rabbit gamma globulin-rhodamine (Dako, Glostrup, Denmark) at a final dilution of I : 20.
Statistical analysis
First phase insulin release in all animals was defined as the sum of 1 and 3 min serum IRI levels after IV injection of glucose and was expressed as the mean and standard error of the mean (SEM). Tests of significance between the three experimental groups were determined by the Sign Test. Figure I shows the mean + SEM of IRI and glucose in the sera of 5 normal Wistar rats from 1-30 min following IV glucose administration. The first phase was rapid (< 5 min), with peak insulin value at 1 min, while the second phase was much more protracted and less pronounced. The disappearance of glucose from the circulation was approximately exponential (Fig. 1) . Figure 2 shows the mean _+ SEM of the sequential first phase insulin responses in 8 normal rats as a function of age. Between day 34 and 83 (corresponding approximately to sexual maturity) the mean values increased gradually from ll0mU/1 to 174mU/1. The responses then gradually declined to a low mean value of 54 mU/1 at 132 days. A subsequent rise to 180 mU/1 between day 170-180 then occurred.
Results
In BB rats which remained aglycosuric (n =15), a similar trend in the sequential responses was also apparent except towards the end of the study period (Fig.2) . These responses, however, were significantly lower (p < 0.0001) than those in normal Wistar rats. The serial values from individual aglycosuric rats showed more abrupt week to week fluctuations than in normal animals. In some BB rats without diabetes (e. g. rat 14, Fig. 3 ) first phase release was clearly impaired for a considerably longer period (day 90-95 to day 180), but glycosuria was not detected. Figure 4a shows the ages of onset and the mean _+ SEM first phase insulin responses in 6 BB rats which developed diabetes. These responses showed a similar trend to normal Wistar rats and non-diabetic BB rats. They were, however, significantly lower (p = 0.008) than for normal rats but similar to BB rats without diabetes. Although individual diabetic rats showed some variations in their serial first phase insulin release, in 5 animals a period of progressive decline in these responses immediately prior to detection of glycosuria was noted (25-50days). In the remaining animal this impaired phase preceding the disease was not seen. These features are depicted for two diabetic BB rats in Fig. 4b .
All BB rats with diabetes displayed mononuclear cell infiltrations of pancreatic islets (Fig. 5 a) . Most BB rats without diabetes contained the normal complement of alpha and B cells at day180 (Fig.5b, c) . However, aglycosuric BB rats with protracted periods of low first Fig.5a -h. Photomicrographs of pancreatic sections from diabetic and non-diabetic BB rats stained by H and E or by the immunofluorescence procedure for insulin and glucagon. a Diabetic BB rat immediately after onset of glycosuria showing insulitis. H and E. x 412. b and e Non-diabetic BB rat at day 180 stained simultaneously by immunofluorescence for insulin (b) and glucagon (e). × 206. d Non-diabetic BB rat (rat 22) at day 180 with a protracted period of low first phase insulin release showing insulitis. H and E. x 412. e and f Another non-diabetic BB rat (rat 14) at day 180 with a protracted period of low first phase insulin release stained simultaneously by immunofluorescence for insulin (e) and glucagon (f). ×412. gand hSection from the same rat as in (e) and (f) above also stained simultaneously by immunofluorescence showing an islet with an apparently normal cellular distribution for insulin (g) and for glucagon (h). x 206 phase insulin response displayed a pancreatic pathology similar to diabetic rats (e.g. rat 14 and rat 22 Fig.  5 d-f) . In rat 22 there was evidence of insulitis, while in rat 14 pancreatic islets appeared compressed, and most were devoid of B cells but had a predominance of alpha cells. Only some islets had the normal complement of alpha and B-cells (Fig. 5 g, h) .
Discussion
Several studies have focused on the search for possible immunological, hormonal or biochemical markers predictive of diabetes in the BB rat [3, 6-9, 14, 15] . However, there are only a few studies which have described insulin secretory capacity in response to suitable secretagogues in this animal model. Using the perfused pancreas, it has been shown that BB rats with protracted periods of glucose intolerance display suppression of the early and late phases of IRI in response to glucose [16] . In another report, insulin secretion in response to single IVGT-F was conducted 10-28 days before onset [14] . However, in these studies were not determined serially and the failure to observe any significant changes in insulin secretion may have been due to the prolonged glucose pulse (120 s compared with 20 s in this study) and the infrequent blood sampling immediately after glucose injection, thus missing the first phase. In the present investigation on the BB rat, we have examined first phase insulin secretion in response to serial IV glucose in vivo.
The biphasic pattern of insulin release in normal rats following an IV glucose challenge shown here confirms previous studies [17] . In this group the mean sequential responses were significantly higher than in BB rats. However, the physiological significance of the decline in the mean responses after day 125 and then a rise is unclear.
The mean serial responses of first phase release were significantly lower in BB rats with or without diabetes compared with normal animals. Some non-diabetic BB rats displayed periods of progressive loss of first phase insulin release with intermittent recovery while others had a much more protracted period of successive low response not associated with glycosuria. The pancreatic pathology at day 180 of these latter animals was similar to diabetic rats and is in agreement with previous reports [8] . These findings suggest that some aglycosuric BB rats, despite considerable B-cell depletion, may have enough pancreatic insulin to maintain normoglycaemia.
Five out of 6 BB rats with diabetes showed a progressive loss of first phase insulin release immediately prior to onset. However, the duration of this impaired phase was variable and is probably a reflection of different rates of B-cell damage. The lack of any significant differences in the mean responses between diabetic and non-diabetic groups suggests that in most BB rats there may be an underlying B-cell functional defect from an early age and that other variables are responsible for triggering diabetes in only some animals. It is notable that immunological abnormalities such as the presence of islet cell surface antibodies in serum and lymphopaenia can be a feature of diabetic and non-diabetic BB rats [8, 9] .
In humans, only a few studies have examined first phase insulin release prospectively from the pre-diabetic phase to clinical diagnosis [11, 12] . Although these investigations were determined on a limited number of patients, it was nevertheless shown that there was a progressive loss of first phase insulin release in response to serial IVGTT over several months or years. In this study on the BB rat, we have also demonstrated an increasingly impaired first phase insulin release immediately before clinical onset but this aberrant phase was also seen in several aglycosuric BB rats. Consequently, a decrease in first phase insulin release in response to serial IV glucose is not a reliable predictor of Type 1 diabetes in this animal model.
